MBoC | ARTICLE The interaction of Munc 18 (p67) with the p10 domain of p35 protects in vivo Cdk5/p35 activity from inhibition by TFP5, a peptide derived from p35 ABSTRACT In a series of studies, we have identified TFP5, a truncated fragment of p35, the Cdk5 kinase regulatory protein, which inhibits Cdk5/p35 and the hyperactive Cdk5/p25 activities in test tube experiments. In cortical neurons, however, and in vivo in Alzheimer's disease (AD) model mice, the peptide specifically inhibits the Cdk5/p25 complex and not the endogenous Cdk5/p35. To account for the selective inhibition of Cdk5/p25 activity, we propose that the "p10" N-terminal domain of p35, absent in p25, spares Cdk5/p35 because p10 binds to macromolecules (e.g., tubulin and actin) as a membrane-bound multimeric complex that favors p35 binding to Cdk5 and catalysis. To test this hypothesis, we focused on Munc 18, a key synapse-associated neuronal protein, one of many proteins copurifying with Cdk5/p35 in membrane-bound multimeric complexes. Here we show that, in vitro, the addition of p67 protects Cdk5/p35 and has no effect on Cdk5/p25 activity in the presence of TFP5. In cortical neurons transfected with p67siRNA, we also show that TFP5 inhibits Cdk5/p35 activity, whereas in the presence of p67 the activity is protected. It does so without affecting any other kinases of the Cdk family of cyclin kinases. This difference may be of significant therapeutic value because the accumulation of the deregulated, hyperactive Cdk5/p25 complex in human brains has been implicated in pathology of AD and other neurodegenerative disorders.
INTRODUCTION
Cdk5 bound to its activator p35 or p39 is a tightly regulated neuronal protein kinase that targets more than a dozen substrates that regulate neuronal differentiation, migration, synaptogenesis, and synaptic function (Ohshima et al., 1996; Dhavan and Tsai, 2001; Grant et al., 2001; Bibb, 2003; Cheng and Ip, 2003; Gupta and Tsai, 2003; Giese et al., 2005; Angelo et al., 2006; Cheung et al., 2008; Jessberger et al., 2009) . Hyperactivated Cdk5 in human brains, however, complexed with p25, a cleaved fragment of p35, is implicated in the hallmark pathology of Alzheimer's disease (AD). It has been proposed that the p25 subunit arises in human and rodent brains under neuronal stress (Ahlijanian et al., 2000; Kusakawa et al., 2000; Lee et al., 2000; Nath et al., 2000) . Stress leads to increased intracellular Ca ion concentration, activation of a protease, calpain, which cleaves p35 into two fragments, the p10 N-terminal myristoylated domain that binds the cell membrane, and p25, a more stable regulator of Cdk5 that forms a hyperactive cytoplasmic complex. It has been proposed that Cdk5/p25 is in part responsible for the AD phenotypes of hyperphosphorylated neurofilament-tau neurofibrillary tangles (NFTs) and Aβ plaques (Cruz et al., 2003; Guo, 2006; Hamdane and Buee, 2007; Han et al., 2009; Sundaram et al., 2013) . We succeeded in identifying two truncated fragments of p35, inhibitory peptide (CIP; 126 amino acids [aa] ) and P5 (24 aa), each capable of inhibiting Cdk5/p25 activity in vitro and in vivo Zheng et al., 2002 Zheng et al., , 2010 Shukla et al., 2013; Sundaram et al., 2013) . In a proof of concept study, a transgenic p25 mouse mutant (p25Tg), overexpressing hyperactive Cdk5/p25, NFTs, Aβ plaques, and other AD phenotypes, including behavioral defects, our lab, cytoskeletal proteins and Cdk5, together with synaptic proteins such as syntaxin, copurified with Munc 18 from rat brain lysates (Bhaskar et al., 2004) . To confirm the existence of multimeric complexes containing Munc 18, Cdk5/p35, and cytoskeletal proteins, we carried out reciprocal coimmunoprecipitation experiments with rat brain lysates using antibodies to Munc 18 and to p35 (Figure 1, A and B) . The reciprocal pull down indicated that a similar repertoire of cytoskeletal proteins and kinases colocalize with Munc 18 and p35, all, presumably, part of macromolecular complexes associated with the myristoylated p10 domain of p35. We should make it clear that the coimmunoprecipitated proteins are not necessarily part of a single large multimeric complex; we suggest that these pull-down experiments cannot distinguish a single macromolecular complex from a mix of several smaller complexes. Except for tubulin, serum albumin controls with each antibody show no evidence of associated proteins. We stress that p25 was not expressed in both cases, unbound to Cdk5 as one might expect. P25 is not associated with multimeric protein complexes; instead, it exists in the cytoplasm as a heterodimer with Cdk5 (Lee et al., 1996; Rosales et al., 2000) .
Munc 18 stimulates Cdk5/p35 activity in vitro without affecting the activity of Cdk5/p25
In earlier fractionation studies, we demonstrated that Munc 18 acted as a "regulator" of Cdk5/p35 phosphorylation; it stimulated activity almost sevenfold (Shetty et al., 1995) . It was later shown that could be ameliorated by CIP (the larger peptide) overexpression in the brain (Sundaram et al., 2013) . A similar rescue of another AD mutant (5XFAD) was obtained by intraperitoneal injections of TFP5, a P5 (24 aa) peptide modified for penetration of the blood-brain barrier by addition of fluorescein isothiocyanate (FITC) at the N-terminal and a protein transduction domain of TAT protein (11 aa) at the C-terminal (Shukla et al., 2013) .
What is most surprising about the action of these peptide inhibitors is that in in vitro test tube experiments, both Cdk5 complexes are inhibited; in cultured cells and in brains in vivo, however, endogenous Cdk5/p35 activity is unaffected, whereas activity of Cdk5/p25 is selectively inhibited.
An obvious initial target to account for the specific inhibition of the Cdk5/p25 activity by the TFP5 inhibitory peptide in vivo is the p10 domain, which is absent in p25. In fact, p10 exhibited a protective effect in neurons and nonneurons made toxic by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridinium (MPP + ) (Zhang et al., 2012) . The addition of a modified p10 to such cells reduces reactive oxygen species (ROS) and cell death, although the mechanism is not understood. Curiously, a toxic effect of p10 itself has also been reported (Chew et al., 2010) . The action of the P5 peptide, however, offers a possible mechanism for the role of the p10 domain in specifically sparing Cdk5/p35 inhibition. P35 interacts with a number of proteins primarily via its p10 domain. It bundles tubulin into microtubules and binds strongly to the polymers (Hou et al., 2007) . It also binds and bundles F-actin (He et al., 2011) and neurofilament proteins (Qi et al., 1998) , which accounts for the presence of membrane-bound multimeric cytoskeletal complexes containing Cdk5/p35 (Veeranna et al., 2000; Lim et al., 2003; Bhaskar et al., 2004) . Various nuclear importins (importin b, 5 and 7) also bind to the p10 domain of p35, serving as "shuttles" of Cdk5 between nucleus and cytoplasm. Importins bind p35, displacing it from Cdk5 (Fu et al., 2006) and thereby inhibiting kinase activity. These properties of p35, attributable to the p10 domain, are absent in p25 complexes and suggest that proteins binding to p35 change its confirmation such that its association and activation of Cdk5 are unaffected by P5. We previously showed that polymerized tubulin, and not tubulin, indeed protects the Cdk5/p35 complex from P5 inhibition, whereas Cdk5/p25 is strongly downregulated (Zheng et al., 2010) . To explore this hypothesis further, we focused on Munc 18 (p67), a key synapse-associated neuronal protein, which is also one of many proteins copurifying with Cdk5 in membrane-bound multimeric complexes (Veeranna et al., 2000) . Munc 18 is a Cdk5 substrate at the presynaptic junction, which, when phosphorylated, regulates its binding to syntaxin during exocytosis (Pevsner, 1996) . Here we show results of experiments in vitro, in cultured HEK cells, and in cortical neurons transfected with p67 small interfering RNA (siRNA) that the presence of Munc 18 is sufficient to protect Cdk5/p35 activity from TFP5 inhibition, whereas the more toxic Cdk5/p25, lacking p10, is specifically inhibited. This property suggests TFP5 as a potential therapeutic candidate for neurodegenerative disorders in which Cdk5/p25 may play an active role.
RESULTS

Munc 18 (p67) is part of a multimeric (supramolecular) complex containing Cdk5/p35
There is evidence that the p10 N-terminal domain of p35, the Cdk5 activator, targets Cdk5 to various substrates (Lim et al., 2003) . This may explain why Cdk5 in brain is associated with p35 in a large (>670 kDa), inactive, membrane-bound multimeric complex containing cytoskeletal and synaptic proteins (Lee et al., 1996; Rosales et al., 2000; Bhaskar et al., 2004) . Cdk5/p25, instead, is an active, heterodimeric cytoplasmic complex of Cdk5 and p25. In an earlier study in activity. To test the specificity of inhibition, we studied test tube kinase assays of Cdk5/p25 and Cdk5/p35 in the presence of TFP5. The results shown in Figure 3 indicate that both kinase complexes are inhibited equally, ∼75%; inhibition at two concentrations of TFP5 is similar, whereas the scrambled peptide control has no effect. In view of our results in vivo, how do we explain the absence of any side effects due to inhibition of endogenous Cdk5/p35? In what does specificity reside?
In vitro (test tube), in the presence of Munc 18, TFP5 selectively inhibits Cdk5/p25 but not Cdk5/p35 activity We speculated that Munc18, like microtubules (Zheng et al., 2010) , should bind the p10 domain of p35 and spare inhibition of Cdk5/p35 activity by TFP5 in vitro. Activity of Cdk5/p25, however, lacking the p10 domain, should be inhibited. To test these predictions, we set up in vitro assays with histone as substrate as before, in the presence and absence of Munc 18. We studied the effect on activity of three different concentrations of TFP5, 0.5, 1.0, and 2.0 μM (Figure 4) . Figure 4 , A and C, shows the autoradiographs and Coomassie-stained blots of Cdk5/p35 and Cdk5/p25, respectively. Quantitation of the data from four different experiments is shown in Figure 4 , B and D. In the absence of Munc18, TFP5 inhibition is not significantly different between the two complexes (lanes 1-4 in each case, percentage inhibition of Cdk5/p35 varies from 0 to 41% and that of Cdk5/p25 from 11 to 38%). Of note, with the addition of Munc 18, activity of the Cdk5/ p25 complex is still inhibited (15-53%) compared with the relatively unaffected Cdk5/p35 activity (7-17%; compare lanes 2-8, respectively). Selective inhibition by TFP5 in the presence of Munc 18 is consistent with the hypothesis; binding of Munc 18 to the p10 domain of p35 restores the regulator's ability to activate Cdk5 phosphorylation. Without the p10 domain, however, p25 fails to compete with TFP5 binding, and phosphorylation is markedly inhibited.
Munc 18 is a substrate: Cdk5/p35 phosphorylates Munc 18 at the synapse, which dissociates Munc 18 from syntaxin to initiate exocytosis (Shuang et al., 1998) . Cdk5/p25 also phosphorylates Munc 18. To examine the interactions of Cdk5/p35 and Cdk5/p25 with Munc 18 in vitro, we studied the activities of the two commercially available complexes in the presence and absence of Munc 18 (1.5 μg) under identical conditions in vitro with histone as substrate (Figure 2 ). Whereas Munc 18 stimulated Cdk5/p35 activity twofold in this assay, it had no effect on the much greater activity of Cdk5/p25. This suggests that binding of Munc 18 to the N-terminal p10 domain of p35 may induce conformational changes in p35 that favor interaction with the activation site of Cdk5. Although Munc 18 is a substrate, it is more likely that histone was the preferred substrate under these conditions. TFP5, a modified truncated peptide from p25, inhibits Cdk5/p35 and Cdk5/p25 in vitro (test tube)
Hyperactivity of Cdk5/p25, a sign of a deregulated kinase, has been invoked as a toxic factor in neurodegenerative disorders (Patrick et al., 1999; Nguyen et al., 2001; Cruz et al., 2003; Cruz and Tsai, 2004; Shukla et al., 2013; Sundaram et al., 2013) . We identified a 24-aa truncated fragment of p25, P5, which inhibits AD-like phenotypes in cultured cortical neurons (Zheng et al., 2005 (Zheng et al., , 2010 Kesavapany et al., 2007) . To study its effects in AD model mice, we modified P5 to TFP5, which has a FITC tag at the N-terminal end and a TAT sequence at the C-terminal to facilitate passage through the blood-brain barrier (Shukla et al., 2013) . By virtue of its inhibition of Cdk5/p25 phosphorylation, its rescue of behavior and AD pathology in 5XFAD model mice without evidence of side effects suggests that the peptide has no effect on endogenous Cdk5/p35 FIGURE 2: P67 stimulates Cdk5/p35 activity but not Cdk5/p25 activity in an in vitro assay. The assay consists of active Cdk5/p35 or active Cdk5/p25 (5 ng) and histone H1 as a substrate (20 μg), bacterially expressed GSTp67 (1.5 μg), and [γ The TFP5 peptide inhibits Cdk5/p35 and Cdk5/p25 in vitro kinase assays. In an in vitro pad assay with histone as substrate, the TFP5 peptide inhibited Cdk5/p35 and Cdk5/p25 activities at 74 and 75%, respectively, at 5 μM concentration. Note that the scrambled peptide (Scb) at 10 μM has no effect on kinase activities. The results represent the value of three experiments and are expressed as ±SEM. **p < 0.01. myristoylated domain in p35, binding of p35 to local cytoskeletal proteins such as endogenous microtubules competes more effectively for Cdk5 than TFP5 (Zheng et al., 2010) . P25, without the p10 domain, is competitively displaced from Cdk5 by TFP5. As seen in the bar graph in Figure 5C , Cdk5/p25 binding is reduced and significantly inhibited (∼50%) by TFP5 (compare lanes 6 and 8). The scrambled peptide has no effect on binding (lane 7).
How, then, do we explain the decreased binding of p25 to Cdk5 in the absence of TFP5, in spite of the robust p25 expression in the lysates (lanes 6 and 7)? It has been shown that most expressed p25 preferentially binds to GSK3 rather than Cdk5 in cotransfected neurons and neuroblastoma cells (Chow et al., 2014) . Cells cotransfected with Cdk5, GSK3, p35, and p25 display a strong preferential binding of p25 to GSK3, even in the presence of Cdk5. P35 was shown not to bind to GSK3 under these conditions. In HEK cells, which share many genes with neurons and adrenal cells (Shaw et al., 2002) , it is possible that endogenous GSK3 may act like a sponge to soak up most p25, leaving much less available to Cdk5. A Cdk5 immunoprecipitation would show strong p35 binding, while p25 binding to Cdk5 would be markedly reduced. This would account for the reduced p25 binding in lanes 6 and 7 of Figure 5B . Significantly, further reduction in binding is seen in the presence of TFP5 (lane 8), suggesting that the peptide competes successfully against any remaining p25 for the Cdk5 catalytic site. Lane 9, the positive control, is not shown in Figure 5C .
TP5 specifically inhibits Cdk5/p25 activity in transfected HEK 293 cells
If, in fact, as suggested earlier, TP5 inhibited binding of p25 to Cdk5, kinase activity should decrease with increasing concentration A similar series of experiments completed with the TFP5 scrambled peptide as control displayed no effects on phosphorylation activity of each Cdk5 complex with or without the addition of Munc 18 (unpublished data). The real test of the hypothesis, however, should be in cortical neurons or in cells cotransfected with the respective active complexes and treated with TFP5.
TFP5 specifically inhibits the binding of p25 to Cdk5 transfected in HEK 293 cells without affecting the binding of transfected p35
The question arises whether TFP5 selectively inhibits Cdk5 kinase activity in cells as it does in vitro in the presence of Munc 18. Initially, we determined whether TFP5 preferentially inhibits p25 binding to Cdk5; we cotransfected HEK 293 cells with Cdk5/p25 or Cdk5/p35. We assumed that proliferating HEK cells should express high levels of cytoskeletal proteins such as actin and microtubules, which are known to be part of the p35 multimeric complex. These should act like Munc 18 and favor formation of an active Cdk5/p35 complex. P25, on the other hand, without the p10 domain, should not compete with TFP5 binding to Cdk5. After transfection, cells were incubated with TFP5 for 24 h. Cells were lysed, and the level of expression was determined in Western blots ( Figure 5A ). As can be seen, the levels of expression of Cdk5, p35, and p25 were robust in the lysates and unaffected by TFP5 treatment. To assess the competitive binding of TFP5 to Cdk5, we carried out Cdk5 immunoprecipitation using the J3 Cdk5 antibody for all lanes shown and surveyed the blots with the same antibodies as in Figure 5A . The results, shown in Figure 5B , indicate that the level of p25 coimmunoprecipitated with Cdk5 is decreased by TFP5; no significant changes in Cdk5-p35 binding, however, were seen. We suggest that by virtue of the p10 sowed a robust level of expression of p67, p35 p25, Cdk5, and actin in lysates. Histidine-tagged immunoprecipitations were then carried out, followed by Western blots using the same antibodies as in Figure 7B . The level of p67 bound to Cdk5/p35 cells was unchanged at 250 nM, 500 nM, and 1 μM TFP5 ( Figure 7C ), whereas p67 bound to Cdk5/p25 was significantly decreased at the same concentrations of TFP5. This suggests that p67 binds to a multimeric complex on p35, whereas p25, without the p10 domain, fails to bind to the same extent. As a result, Cdk5/p25 activity is inhibited by the peptide, whereas Cdk5/p35 activity is spared. These results in transfected cells are consistent with the in vitro results presented in Figure 5 .
Immunoprecipitates of mychis-p35-transfected cortical neurons significantly bind more proteins than immunoprecipitates of cells transfected with myc-his-p25
Our hypothesis predicts that the p10 domain of p35 is essential in the formation of multimeric complexes. To test this hypothesis further, we overexpressed myc-hisp35 or myc-his-p25 in rat cortical neurons. A comparable pull-down experiment as before using myc antibody should yield multimeric complexes in myc-p35 neurons that are absent in myc-p25-overexpressing neurons (Figure 8 ). The level of expression in the two populations of transfected neurons is shown in Figure 8A . Expression levels of myc-p35 and myc-p25 are equivalent in both groups. With the same myc antibody, we carried out immunoprecipitations on neuronal lysates and screened for cytoskeletal and synaptic proteins using appropriate specific antibodies. Input shows expression of each protein in the lysate. Except for glial fibrillary acidic protein (GFAP), comparison of the Western blots shows dramatic qualitative and quantitative differences in protein profiles copurified from each, with that from p25-transfected cells expressing lower levels of proteins (Figure 8, B-F) . Again, these data are consistent with the hypothesis that a p10 multimeric complex of p35 specifically spares Cdk5/p35 activity from TFP5 inhibition.
Down-regulation of Munc 18 by p67 siRNA in TFP5-treated cortical neurons results in inhibition of Cdk5/p35 binding and phosphorylation activity
If, as we suggest, Munc 18 is essential in sustaining the activity of Cdk5/p35 in the presence of the TFP5, then reducing Munc 18 from cortical neurons should increase sensitivity to TFP5 inhibition, similar to its effect on Cdk5/p25. A converse experiment of the one described in Figure 9 was carried out by reducing or eliminating the expression of Munc 18 in rat cortical neurons by transfection with p67 siRNA, followed by incubation with TFP5 (200 nM) was shown to be effective within neurons (Figure 9 ). The expression levels for each protein are displayed in Figure 9A . It is clear that the presence of the p67 siRNA results in a reduction in the expression of p67; control siRNA has no effect. Note that the presence or of TP5, whereas Cdk5/p35 activity should be unaffected. In a similar series of transfection experiments as described earlier, the Cdk5 immunoprecipitates were subjected to a phosphorylation assay with histone as substrate. The results of three experiments are summarized in Figure 6 . In Figure 6A , the phosphorylation activity of Cdk5 IPs, as autoradiograms, is shown after cells were incubated in different concentrations of TP5. Note the reduction in histone phosphorylation by Cdk5/p25 in lanes 7-9. Aliquots of these same assays were used for pad assays, with data quantified in Figure 6B . The activity of the Cdk5/p25 complex is significantly inhibited from 50 to ∼84% with increasing doses of TP5, whereas activity of Cdk5/p35 is relatively unaffected ( Figure 6B, lanes 2-5) . The data correlate well with the binding data presented in Figure 5 . Again, we suggest that conformational changes of p35-p10 binding to endogenous microtubules (Zheng et al., 2010) , permit p35 to compete more effectively than TP5 for the catalytic site on Cdk5.
TFP5 does not inhibit Munc 18 binding to Cdk5/p35 in cotransfected HEK cells Figure 1B showed that Munc 18 is coimmunoprecipitated with p35 in a rat brain lysate. The question arises as to whether TFP5 affects the binding of Munc 18 to a p35 multimeric complex. To determine whether Munc 18 binding to Cdk5/p35 in cells is unaffected in the presence of the TFP5 peptide, we cotransfected HEK 293 cells with Cdk5/p35-myc-histidine (his) or Cdk5/p25-myc-his plasmid, respectively. The cells were then incubated in different concentrations of TFP5 for 24 h and prepared as lysates ( Figure 7A ). Western blots to visualize proteins with appropriate antibodies were produced and absence of TFP5 or its control scrambled peptide (Scb) has no effect on the expression levels of p35 and Cdk5. A Cdk5 immunoprecipitation with the J3 antibody provides a measure of Cdk5 kinase activity using histone as a substrate ( Figure 9B ). In the presence of p67 siRNA (lane 5), a greater reduction of histone phosphorylation is seen in the presence of TFP5. This also correlates with reduced p35 binding in lane 5. Scrambled peptide and/or the control siRNA have no effect on binding of either p67 or of p35. The Cdk5 immunoprecipitates in each lane were assayed for activity in a pad assay ( Figure 9C,) and a clear inhibition by TFP5 is seen in lane 5, whereas scrambled peptide or p67 control siRNA has no effect on activity (compare lane 5 with lanes 3 and 4). These data are consistent with the hypothesis that Munc 18 binding to the p10 N-terminal domain of p35 spares Cdk5/ activity in vivo while specifically inhibiting Cdk5/p25, which lacks the p10 domain.
A TFP5-biotin pull down of brain lysates confirms peptide interactions with Cdk5/p35 and p67
Although we showed that a p67 pull down of brain lysates shows interactions with a multimeric protein complex containing Cdk5/p35, synaptic, and cytoskeletal proteins, a reciprocal pull down with P5 (TFP5) might also reveal interactions with proteins of the multimeric complex. Because we have no specific P5 antibody, we used the biotin-streptavidin procedure with a custom-designed P5-biotin preparation ( Figure 10 and Supplemental Figure S1 ). We showed that the binding of biotin to the P5 peptide had no effect on peptidespecific inhibition of Cdk5/p25 or Cdk5/ p35 activity in vitro (Supplemental Figure  S1) . Clearly, addition of the biotin to the P5 at different concentrations showed equivalent inhibition of the Cdk5 active complexes. Scrambled biotin-P5 had no inhibitory effect on kinase activity.
P5-biotin immunoprecipitations of mouse brain lysates colocalize Cdk5/ p35 and p67
The pull-down assay with two concentrations of P5-biotin reveal the specific binding of Cdk5, p35, and p67 to P5-biotin; P5 alone and scrambled peptide-biotin have no effect ( Figure 10A ). In this experiment, it is possible that the P5-biotin bound to p67, which in turn was also bound to Cdk5/p35, or P5-biotin bound directly to a Cdk5/p35/ p67 complex. To determine which protein is directly bound by P5-biotin, we carried FIGURE 6: Cdk5/p25 activity is specifically inhibited by TP5 peptide in transfected HEK 293 cells. HEK 293 cells were transfected with Cdk5/p35 or Cdk5/p25. The cells were then incubated in different concentrations of TP5 (0-800 nm) for 24 h, washed, and subjected to a Cdk5 immunoprecipitation procedure. (A) The respective Cdk5 immunoprecipitates were assayed for kinase activity with histone as substrate. Autoradiographs of the respective assays. H1, total histone; pH1, phosphohistone. (B). The identical lysates were used for Cdk5 kinase pad assays. Quantified results of three experiments (± SEM). *p < 0.05. FIGURE 7: P67 preferentially binds to CDK5/p35 in the presence of TFP5 in cotransfected HEK 293 cells. HEK 293 cells were cotransfected with Cdk5/p35 (mychis)/p67 or Cdk5/p25 (mychis)/ p67 and incubated in the presence of different concentrations of TFP5 peptide for 24 h. Lysates were then prepared and subjected to Western blotting to visualize protein expression of transfected plasmids with respective antibodies. (A) Expression of different proteins in the lysates using p67, p35/p25, Cdk5, and βactin antibodies. (B) Immunoprecipitation using 500 μg of proteins (p35 mychis and p25 mychis) with monoclonal histag antibody detected with p67, p35, Cdk5, and βactin antibodies, respectively, after Western blotting. (C) Quantification of immunoblots of p67 and p35 antibodies, respectively, from three experiments (± SEM). **p < 0.01.
Glutathione S-transferase p10 pull down of rat brain lysate independently reveals cytoskeletal and synaptic proteins
To demonstrate that the p-10 N-terminal domain of p35 specifically interacts with cytoskeletal proteins in addition to Cdk5, we used a published procedure for glutathione S-transferase (GST) pull down of p35 truncated fragments (Qu et al., 2002) .
We prepared a recombinant GST-p10 protein that was incubated with an adult rat brain lysate, prepared as a gel, and visualized in Westerns with several different antibodies as shown in Figure 11 . As a control, we used only the GST that pulls down tau, actin, and tubulin, three common proteins ( Figure 11A ). The GST-p10 pulls down a more robust expression of the cytoskeletal proteins, including NFL, as well as p35 and the synaptic proteins p67 and syntaxin ( Figure 11B ). These last proteins are similar to those detected in p67 and p35 pull downs, respectively, described in Figure 1 .
These results are consistent with our hypothesis that the p10 domain of p35 and its associated multimeric complex of cytoskeletal and synaptic proteins are what alter the p35 conformation such that it successfully activates Cdk5 kinase activity in vivo in the presence of the TFP5 peptide. P25, without the p10 domain, fails to compete with the peptide, which associates with the kinase catalytic site and inhibits activity.
DISCUSSION
Deregulated Cdk5/p25 has been identified as a key player in the production of neurodegenerative pathologies such as paired helical filaments, amyloid plaques, and synaptic dysfunction, leading to neuronal cell death, behavioral abnormalities, and dementia. Consequently the hyperactive complex has been proposed as a principal therapeutic target for AD and other neuronal disorders (Lau et al., 2002; Lau and Ahlijanian, 2003; Tsai et al., 2004) . As members of the family of cell cycle cyclin-dependent kinases (Cdks), several potent inhibitors resembling roscovitine have been studied as potential therapeutic candidates to target Cdk5/p25 activity. Although p35 and p39, rather than cyclins, activate Cdk5, kinase inhibition by roscovitine (or the related compounds aloisine and indirubin-3) is nonspecific; it also affects Cdks, as it competes at the ATP-binding site essential for the action of Cdks, as well as of most kinases. A search for specific inhibitors that act at sites other than the ATP-binding site is essential and underway in several laboratories (Lau et al., 2002; Glicksman et al., 2007) . For example, a library of 110,000 compounds is being screened using full-length tau as a substrate to distinguish competitive from noncompetitive ATP inhibitors (Glicksman et al., 2007) . Our approach, based on p35-truncated peptides, has successfully demonstrated specific inhibition of out the experiment in HEK 293 cells transfected with p67 or Cdk5. In Figure 10B , the P5 peptide binds independently to each of the proteins. P5-biotin binding to Cdk5 is expected because the peptide binds at the activation to inhibit the kinase activity. Its binding to p67 suggests that the peptide, in the presence of proteins of a multimeric complex on the N-terminal domain of p35, may preferentially bind to the complex, reducing its ability to bind Cdk5, favoring p35 binding and activation of the kinase. These results are consistent with the hypothesis that sparing of Cdk5/p35 activity in vivo is due to binding of the inhibitory peptide to proteins of the multimeric complex on the p10 domain of p35.
FIGURE 8: The p10 Nterminal domain of p35 preferentially binds multimeric proteins in cortical neurons transfected with p35 mychis. Rat cortical neurons at 5 days in vitro were transfected with p35 mychis or p25 mychis plasmid. After 48 h, lysates were prepared and subjected to SDS-PAGE using 30 μg of lysate for each lane. (A) Protein expression was analyzed using three different antibodies to confirm p35 and p25 expression with p35 (C19), myc, and his antibodies, respectively. Arrowhead and arrow represent the expression of mychis p35 and mychis p25, respectively. (B-F). Both p35 and p25 lysates were used at 500μg protein concentration for immunoprecipitation with mouse monoclonal myc antibody. Input represents expression level of each protein. After SDS-PAGE, Western blotting was performed using different polyclonal antibodies as follows: p67 (B), PSD95 (C), tau (D), GFAP (E), and syntaxin 1 (F). Data were analyzed with Prism 5.0 software. Tukey's multiple comparisons test was used. Differences with *p < 0.05 were considered significant. The quantification of bands was done using ImageJ software. The results represent the value of three experiments and are expressed as ±SEM. **p < 0.01 and ***p < 0.001.
existence of such macromolecular complexes containing tubulin, neurofilaments, and synaptic proteins together with Cdk5, p35, and p67 (Bhaskar et al., 2004;  Figure  1 ). Moreover, a pull-down experiment with P5-biotin showed that the inhibitor peptide did bind to proteins of the multimeric complex, namely Cdk5, p35, and p67. This suggests that the peptide binds to the p10 domain of p35 and, as a result, fails to interfere with p35 binding to the critical catalytic site of Cdk5. In a number of experiments, we demonstrate that this interaction of p35 with macromolecules at its N-terminal p10 domain accounts for the specificity of TFP5 inhibition in cells; p25 without p10 is unable to compete for the Cdk5 active site in the presence of TFP5. Significantly, the compelling result is the demonstration that p10 independently binds proteins of the multimeric complex (Figure 11 ). Finally, in a critical negative experiment, we demonstrated that TFP5 treatment inhibited endogenous Cdk5/p35 activity when p67 expression was down-regulated in cortical neurons transfected with p67 siRNA (Figure 9 ). Reduction in the expression of p67, a key protein in the multimeric complex at the p10 domain of p35, is sufficient to inhibit Cdk5/p35 in neurons.
It is noteworthy that Cdk5/p25-induced toxicity in neurons is protected by overexpression of the p10 peptide (Zhang et al., 2012) . It was shown that high doses of MPP + -induced toxicity in cortical neurons, a model for Parkinson's disease, was significantly reduced after p10 overexpression; several defects were inhibited, including Cdk5/p25 activation, ROS accumulation, and DNA strand breakage, which mark neuronal death. The cascade leading to cell death is Cdk5/p25 phosphorylation and inhibition of peroxireductase (Prx2), responsible for ROS accumulation and cell death. p10 inhibition of Cdk5/p25 activates Prx2, restores ROS regulation, and rescues cell survival (Zhang et al., 2012) . Zhang et al. (2012) write, "p10 (protein of 10 kDa) is a unique prosurvival domain in p35 essential for normal Cdk5/p35 function in neurons." Here the effect of p10 seems to require unknown cellular factors to form an inhibitory complex. An alternative study claiming that p10 is toxic rather than protective is difficult to explain, other than attributing it to differences in experimental conditions (Chew et al., 2010) .
Our results with Munc 18, however, suggest an alternative mechanism for p10's effect on Cdk5/p35 activity-the domain is a site of multiple protein interactions that stabilize p35 binding to the Cdk5 catalytic site. The structural configuration of p35, when bound to microtubules and/or Munc 18 in a multimeric complex, which protects its interaction with/activation of Cdk5 in the presence of TFP5, is not understood. Because the Cdk5/p35 crystal structure is not known, an answer is best obtained from studies of the Cdk5/p25 structure in the presence and absence of roscovitine inhibitors (Lim et al., 2001; Tarricone et al., 2001; Mapelli et al., 2005) and/or from a molecular dynamics study of competitive Cdk5/p25 in cortical neurons and AD mouse models without affecting Cdk5/p35 activity or that of cell cycle Cdks Zheng et al., 2010) . We believe that results from our experiments with Munc 18 offer a molecular explanation for the specific sensitivity of the deregulated toxic target.
Hyperactive Cdk5/p25 arises in situ from activated, stressed, or aging neurons in which stress factors such as glutamate toxicity, ROS elevation, and mutations in APP and/or presenilins induce calpain activation and cleavage of p35 into p10 and p25. P25 collects in the cytosol and/or nucleus, whereas p10 accumulates in the detergent-resistant fraction of membrane-bound organelles and insoluble membrane proteins with cytoskeletal elements (Kanungo et al., 2009) . Our data are consistent in showing that the p10 domain of p35 is essential in 1) binding p35 to the cell membrane, 2) interacting with cytoskeletal proteins (tubulin, actins, neurofilaments, Munc 18, and tau) to regulate their macromolecular assembly, and 3) targeting Cdk5 to specific substrates within multimeric complexes at the membrane, within the cytosol, and in the nucleus. The last result accounts for the presence in bovine brain extracts of three Cdk5 states: Cdk5 as part of a large (670 kDa), inactive multimeric complex, a monomeric Cdk5 that can be complexed to a p35 recombinant and activated, and a highly active Cdk5/p25 heterodimer (Lee et al., 1996) . Our data from rat brains confirm the binding to Cdk5 of the large inhibitory peptide CIP derived from p35 (Tan et al., 2009) .
The structure of the Cdk5/p25 complex and the details of enzyme-activator molecular interactions, although defined for p25, also apply to its p35 parent. The N-terminal p10 motif is assumed to play no role in the interactions; it may be essential for localization, maintaining stability of the active configuration, and/or docking to other regulators (Tarricone et al., 2001) . The active configuration is induced by shared loops and residues on both regulators that appose and bind numerous specific residues of the enzyme to extend the activation loop (T loop), thereby creating a hydrophobic pocket facilitating substrate interaction. We suggest that p25 binding induces a more stable configuration; that is, it may extend the activation loop much more than p35, which may account for its hyperactivity. The Ile-153 residue in the loop renders the specificity of the interaction; cyclins fail to make that contact. This direct and unique association of p35 and p25 with the activation loop is independent of its phosphorylation of the activation loop, as is required for the Cdk2 family of kinases. These fundamental differences between FIGURE 10: P5biotin pulldown assays of rat brain lysates and transfected HEK293 cells show P5 binding to Cdk5, p35, and p67. (A) Two different concentrations of P5biotin were used in affinity binding assays with Scb (scrambled peptide) as negative control. Protein extracts (500 μg in 500 μl) from mouse brain tissues were incubated with different concentrations (0.5 and 0.25 mg/ml) of P5biotin, scrambledbiotin, or P5 without biotin overnight at 4°C. On the second day, streptavidin magbeads (50 μl) were added to the lysates for 2 h at 4°C. After gentle spinning, streptavidin magbeads were collected and washed three times. The proteins were eluted from streptavidin magbeads by using sample buffer and heating at 96°C for 5 min. The eluted proteins were used for Western blot analysis, where each lane is immunoassayed with the three antibodies. (B) P5biotin binds directly to both Cdks and p67. Expression of HEK293 cell lysates (25 μg) as transfected with empty vector (EV; lane 1), Cdk5 (lane 2), or p67 (lane 3). A 500μg amount of each lysate was mixed with 0.5 mg of P5biotin, followed by endtoend rotation at 4°C overnight. On the next morning, the complex was pulled down with streptavidin beads. After washing three times with l× Trisbuffered saline, the beads were subjected to SDS-PAGE and Western blot analysis using antiCdk5 and antip67 antibodies in each lane. The EV negative control indicates that endogenous p67 and Cdk5 in HEK 293 cells are either absent or at levels too low to be detected.
FIGURE 11: Identification of GSTp10 proteins pulled down from the rat brain lysate. Proteins were isolated from rat brain extracts in pulldown experiments using GST or GSTp10 and separated by SDS-PAGE on 4-20% gels and immunodetected with Western blot (WB) analysis using respective antibodies as shown (n = 3). (A) GST control. Except for the expression of tau, βactin, and βtubulin, very few proteins were pulled down from rat brain lysate with GST alone. (B) In contrast, the GSTp10 pull down resulted in the expression of cytoskeletal proteins NFL, tubulin, actin, and tau and included expression of p67, p35, GFAP, and syntaxin.
tor successfully protects the activity of the Cdk5/p35 endogenous complex from the TFP5 peptide inhibitor while specifically inhibiting the Cdk5/p25 complex.
MATERIALS AND METHODS Materials
Cdk5 (J-3, C-8), p35 (C-19), SNAP 25, syntaxin-1, synaptophysin, and synaptotagmin (dilution 1:500), β-actin (1:2000), and p67 (Munc 18) siRNA were obtained from Santa Cruz Biotechnology (Santa Cruz Biotechnology, Santa Cruz, CA). Mouse monoclonal Munc 18 (p67; dilution 1:500) was from BD Biosciences (San Jose, CA). Neurofilament H/M/L, β-tubulin, monoclonal p35 antibodies (dilution 1:500), and active Cdk5/p35/p25 kinases were purchased from Sigma-Aldrich (St. Louis, MO). Rabbit polyclonal tau (1:1000) was from Dako (Carpinteria, CA), and monoclonal tau (1:500) was from Invitrogen (Grand Island, NY). GFAP (1:1000) was from Abcam (Cambridge, MA). Mouse monoclonal Cdk5 (1:500) was from OriGene (Rockville, MD). Secondary horseradish peroxidase-conjugated antibodies (1:2500) were from GE Healthcare (Marlborough, MA). Roscovitine was from BIOMOL Research Laboratories (Plymouth Meeting, PA). TFP5, FITCGGGKEAFWDRCLSVINLMSSKMLQI-NAYARAARRAARR, and scrambled FITCGGGGGGFWDRCLSGKG-KMSSKGGGINAYARAARRAARR peptides were synthesized by GenScript (Piscataway, NJ), and γ-p32 ATP was from PerkinElmer (Waltham, MA). HEK 293 cells were from the American Type Culture Collection (ATCC; Manassas, VA). P5 Scb-biotin peptide was from Government Scientific Source (Reston, VA). Transfection reagents DNA in Neuro and DNA in 293 cells were purchased from MTIGlobalstem (Gaithersburg, MD). Transfection reagent for siRNA was from Signagen Laboratories (Rockville, MD). pcDNA 3.1/myc-his (-) A vector was a kind gift from Sunita Agarwal (National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health, Bethesda, MD). T-PER, M-PER, and N-PER lysis buffers and protease inhibitors were purchased from Thermo Fisher Scientific (Grand Island, NY).
The p35 and p25 plasmids were cloned into pcDNA 3.1/myc-his (-) A vector at 5′ NheI and 3′ ApaI sites.
Cell cultures
Primary cultures of rat cortical neurons were prepared from E-18 rat fetuses as described previously . Transfection of plasmids was performed at day in vitro 5 with DNA in Neuro following the manufacturer's instructions unless otherwise stated. At 48 h posttransfection, lysates were prepared for further analysis.
HEK293 cells were obtained from ATCC, cultured in DMEM with 10% calf serum, and supplemented with 100 U/ml penicillin and 100 μg/ml streptomycin. Cells were maintained at 37°C in a humidified atmosphere of 5% CO 2 . The cells were transiently transfected using DNA in 293 according to the manufacturer's instructions in the presence of TFP peptide at different concentrations and treated 2 h before transfection unless otherwise stated. At 24 h posttransfection, the cells were lysed with M-per lysis reagent with protease and phosphatase inhibitors. These lysates were subjected to SDS-PAGE and immunoprecipitation for further analysis.
Immunoprecipitation
Immunoprecipitations (IPs) from transfected HEK 293 cells and cortical neurons were performed essentially as described previously (Kesavapany et al., 2007) . For rat brain IP studies, 500 μg of protein was used for each IP to ensure maximum coimmunoprecipitation of interactive proteins.
Cdk5 activators and Cdc2-like cyclin activators may account for the strong selectivity of TFP5 inhibition.
A molecular dynamics simulation of the interaction of CIP-the larger inhibitory peptide derived from N-and C-terminal truncations of p25-suggests that significant conformational changes are induced in the hydrophobic pocket, which affects substrate binding and inhibits activity (Tan et al., 2009; Cardone et al., 2010a Cardone et al., ,b, 2016 . Given that P5 is derived from CIP, we speculate that it behaves like CIP and interferes with extension of the activation loop of Cdk5. The P5 sequence includes critical residues essential for direct binding to the activation loop. We suggest that this smaller molecule competes more successfully with p25 but fails to extend the activation loop, leading to an inactive configuration. The p10 N-terminal domain in p35, however, plays no role in binding to Cdk5; myristoylated, it preferentially associates with membranes or other macromolecules (Munc 18, microtubules, neurofilaments), assembling into multimeric complexes, which may stabilize Cdk5 binding. At the same time, such structural displacements may render the p35 into a more competitive configuration, which, even in the presence of P5 (TFP5), succeeds in sustaining T-loop extension and activity. Although our data are consistent with this model, only additional crystallographic studies and molecular dynamics simulations of Cdk5/p35 interactions with substrates, P5 inhibitors, and macromolecules could reveal the nature of the molecular interactions. Figure 12 summarizes the experimental results and illustrates the hypothesis that the presence of the p10 domain on the p35 regula-FIGURE 12: Diagram illustrating the hypothesis to explain the P5 specific inhibition of Cdk5/p25 in vivo. The recovery neuronal state after P5/TFP5 treatment. In recovery, TFP5 entering the neuron preferentially interacts with the endogenous Cdk5/p35 multimeric complex, which prevents peptide association with catalytic sites on Cdk5, whereas in neurons with hyperactive Cdk5/p25, TFP5 readily competes with p25 on Cdk5 catalytic sites and inhibits kinase activity.
